Abstract
Introduction
In diagnosing ankle and foot pain, clinical examination is a basic process and may provide accurate diagnosis in many cases. However, clinical examination is often limited, particularly in patients with vague and chronic pain. Imaging studies are effective for diagnosis and planning of surgical treatment. Currently, magnetic resonance imaging (MRI) is the most effective diagnostic imaging method in ankle and foot pain, with strengths such as high image resolution and excellent soft tissue contrast. In an expert consensus report, MRI was recommended as the most appropriate imaging method for ankle and foot pain when simple X-ray images are negative [1] . However, clinical MRI is based on structural changes, and may have limitations when there are only subtle structural changes or when there are several coexistent lesions [2, 3] .
Bone scan and single photon emission computed tomography (SPECT) using 99m Tc-labeled phosphonate agents can show increased bone metabolism or bone turnover in injured bones, which is also related to the joint inflammation and ligament/tendon injury as a secondary change [4] . For detection of pathogenic lesions, changes in bone turnover are often complementary to structural changes. Thus, bone scan and SPECT have been demonstrated to be effective in diverse musculoskeletal disorders. Furthermore, SPECT/CT, a hybrid imaging method incorporating SPECT and computed tomography (CT), has the advantage that highresolution CT is utilized for lesion localization [5] . Bone SPECT/CT has been reported to have a higher diagnostic value than conventional planar bone scan or SPECT alone [6] [7] [8] [9] . Although there have been only few studies on direct comparison of SPECT/CT and MRI in musculoskeletal disorders, a recent study reported that SPECT/CT has a higher specificity with a relatively lower sensitivity than MRI in cases with nonspecific hand and wrist pain [2] . In cases with ankle and foot pain, bone SPECT/CT is also expected to be effective and of an additive diagnostic value to MRI, because of their different imaging mechanism [10] . For this purpose, further understanding is required in terms of various diagnostic characteristics of each imaging method.
In this study, we investigated the diagnostic performance of SPECT/CT and MRI in cases with ankle and foot pain. We also analyzed the influence of lesion type on the diagnostic performance of SPECT/CT and MRI.
Materials and Methods

Patients
The study design was approved by the Institutional Review Board (IRB) of Seoul National University Hospital, and informed consent from each patient was waived by the approving IRB.
From June 2011 to January 2013, consecutive patients who underwent SPECT/CT for ankle and foot pain were retrospectively included in this study. Among these patients, those who underwent both SPECT/CT and MRI within 3 months from each other were selected. Patients who received any surgery in the ankle and foot within 3 months before either SPECT/CT or MRI were excluded due to possible postoperative reactive changes. Finally, 50 patients were included in the analysis, and the patient records and information were anonymized and deidentified prior to analysis.
Image Acquisition
Patients were injected with 740 MBq 99m Tc-methylene diphosphonate (MDP) and images were acquired 4 hours later. SPECT/CT was performed using a hybrid SPECT/CT scanner combining a dual-head gamma camera and a 16-slice CT scanner (Discovery NM/CT 670, GE Healthcare, Waukesha, WI, US). The gamma camera was equipped with low-energy high-resolution collimators, and 60 step-and-shoot images (3°intervals) were acquired by each detector for 23 seconds per step. Energy window was open by ± 10% with centered at 141 keV. SPECT images were reconstructed on 128×128 matrices using an iterative algorithm of ordered-subset expectation maximization (iteration 8, subsets 8). After SPECT acquisition, a helical CT scan for attenuation correction and anatomical localization was performed without using contrast agent (100 kVp, 100 mAs, and pitch 0.938) and images were reconstructed into 1.25-mm slices.
In 50 patients, 24 MRI scans were performed using 3.0-T scanners (Magnetom Verio/Trio, Siemens Medical Solution, Erlangen, Germany) and 26 scans were performed using various outside MRI units. Outside MRI scans were performed using a 3.0-T scanner in one patient, and using 1.5-T scanners in 24 patients. In one patient, MRI scan was performed using a 1.0-T scanner and included in the analysis after approval of the acceptable image quality. In all patients, spin echo T1-and T2-weighted images and fat-suppressed fluid-sensitive images were obtained. The imaging planes included at least two transverse, one sagittal and one coronal planes. Gadolinium-enhanced images were performed in two patients.
Image Interpretation and Analysis of Diagnostic Performance
All original image files of MRI were transferred to our picture archiving and communication system (Maroview, Seoul, Korea) and reviewed by an experienced radiologist specialized in musculoskeletal imaging (S.H.H.), who was blinded to SPECT/CT findings. All abnormal findings were analyzed in terms of fracture, osteochondral lesion, accessory bone, bone marrow edema, cartilage injury, ligament or tendon tear, and arthritis. SPECT/CT images were displayed in axial, coronal, and sagittal planes on an image-analysis workstation (Xeleris 3, GE Healthcare, Waukesha, WI, US). Images were interpreted and graded based on the consensus of three experienced nuclear medicine physicians (S.H., J.C.P., and G.J.C.) blinded to MRI findings. An abnormally increased uptake compared with background was regarded as a lesion, and the location of a lesion was determined based on co-registered CT images. For semi-quantitative analysis, uptake was assessed using a 4-grade system (0, none; 1, mild; 2, moderate; 3, severe).
All lesions detected on SPECT/CT and/or MRI were included in the analysis. An experienced orthopedic surgeon (D.Y.L.) who specialized in foot and ankle disorders reviewed all lesions, after treatment based on clinical and image findings and appropriate follow-up (median 3.2 months, range 0.3-14.3 months). Final clinical diagnosis was determined by complete clinical examination, thorough assessment of discomfort and response to treatment after follow-up. In 24 patients, diagnosis was confirmed by direct evaluation during arthroscopic surgery such as chondroplasty, ligament repair, and bony fragment removal. In clinical diagnosis, pain sites were classified into ankle, forefoot, midfoot, and hindfoot. Specific locations of pain and tenderness were also marked. When a site of pain or tenderness was matched with specific abnormality on images, it was determined as a correct pathologic site. Final diagnosis was made based on these image findings, history of trauma, and related systemic symptoms.
Based on the final diagnosis, lesions on the images were classified as symptomatic (related to the final diagnosis and presumably causing symptoms) or asymptomatic ( Fig. 1) . Image findings for symptomatic lesions were regarded as true-positive, and the diagnostic performance of SPECT/CT and MRI was evaluated in terms of sensitivity, specificity, positive predictive value (PPV) and negative predictive value (NPV).
Diagnostic Performance According to Lesion Type
For comparing the diagnostic characteristics of SPECT/CT and MRI in terms of lesion type, lesions were classified into three groups; (1) bone lesions such as osteochondral lesion of talus (OLT), bony fragment or accessory bone, bone contusion, and fracture; (2) ligament/tendon lesions such as tear or inflammation in medial ligament complex (including posterior tibialis tendon), lateral ligament complex (including anterior tibiofibular ligament and calcaneofibular ligament), Achilles tendon, and plantar fascia; and (3) joint lesions, such as osteoarthritis, rheumatoid arthritis, and non-specified arthritis which was detected on SPECT/CT without discernible structural change. On SPECT/CT, uptake in a single bone was classified as a bone lesion and uptake in an attachment site of a specific ligament or tendon was classified as a ligament/tendon lesion. Uptake along a joint surface was classified as a joint lesion. Representative SPECT/CT images of each group are shown in Fig. 2 . Diagnostic performance of SPECT/CT and MRI was assessed in each lesion type.
Statistical Analysis
All data were expressed as mean ± standard deviation. Chi-square test and McNemar test were used for comparing diagnostic performance. Semi-quantitative grades were compared between groups using Mann-Whitney U-test or Kruskal-Wallis test. Receiver-operating characteristics (ROC) curve analysis was performed for diagnostic power of semi-quantitative grade on SPECT. P-values less than 0.05 were regarded significant. All statistical analyses were performed using commercial software packages of SPSS (Version 18.0, IBM Software, Chicago, IL, US) and MedCalc (Version 12.2.1.0, MedCalc Software, Ostend, Belgium).
Results
Patient Characteristics
Among 50 patients, 28 were male and 22 were female. Median age was 46 years (range 16-75 years). The median time interval between SPECT/CT and MRI was 30.5 days (range 0-87 days). Forty patients underwent SPECT/CT after MRI, and 10 patients underwent SPECT/CT before MRI. As two patients had bilateral ankle and foot pain, a total of 52 cases were included in the analysis. A total of 147 lesions were detected on either SPECT/CT or MRI, and 61 lesions were determined to be symptomatic in the final diagnosis; 37 were bone lesions, 14 were ligament/tendon lesions, and 10 were joint lesions, in terms of lesion types.
In 24 patients, 27 symptomatic lesions were diagnosed by direct evaluation during surgery and postsurgical follow-up; clinical diagnosis was made for 34 lesions. For ankle pain, 11 were diagnosed with OLT based on pain and image findings. Eight lesions were diagnosed with ligament sprains involving medial or lateral ligament complexes, based on chronic medial or lateral ankle pain, tenderness, and joint instability. Additionally, there was no abnormality on images except sprain-related findings. Three lesions were diagnosed with systemic inflammatory arthritis including ankylosing spondylitis based on multiple joint involvements, synovitis finding on MRI, and high ESR levels. Other ankle pain lesions were diagnosed with osteoarthritis and traumatic arthritis based on image findings and patient history. Forefoot and midfoot pain lesions were diagnosed with stress fracture of metatarsal bone, traumatic arthritis in metatarsophalangeal joint, bony contusions in distal tibia and navicular bone, tarsal coalition, and intertarsal joint synovitis, which were based on pain-matched image findings. Hindfoot pain lesions were diagnosed with os trigonum syndrome and Achilles tendinitis, based on posterior heel pain and related image findings. The final clinical diagnoses are summarized in Table 1 .
Diagnostic Performance for Symptomatic Lesions
On SPECT/CT, 102 lesions with increased uptake were detected, 57 of which were symptomatic in the final diagnosis. The sensitivity, specificity, PPV and NPV of SPECT/CT for symptomatic lesions were 93%, 48%, 56% and 91%, respectively. In the semi-quantitative analysis, uptake of grades 1, 2, and 3 was observed in 38, 26, and 38 lesions respectively. The mean uptake grade was significantly higher for symptomatic lesions than asymptomatic lesions (2.4 ± 0.8 versus 1.5 ± 0.7, P < 0.001; Table 2 ). The PPV for symptomatic lesions was 29% (11/38) for grade 1, 46% (12/26) for grade 2, and 89% (34/38) for grade 3 uptake. The PPV of grade 3 uptake was significantly higher than that of grade 1 and grade 2 uptake (P < 0.001 and P = 0.005, respectively). The ROC curve analysis revealed a high area under curve (0.787), and the optimal sensitivity and specificity were 60% and 91%, respectively, at the cutoff of grade 3 (Fig. 3) . Although 11 bone lesions without increased uptake were additionally detected on coregistered CT, all were asymptomatic and not included in the analysis.
On MRI, 125 lesions were detected, and 60 of them were symptomatic. The sensitivity, PPV and NPV of MRI for symptomatic lesions were 98%, 48%, and 95%, respectively, and these values did not differ significantly from those of SPECT/CT (P = 0.371, 0.858 and 0.681, respectively). However, the specificity of MRI was 24% and it was significantly lower than that of SPECT/CT (P = 0.016).
Out of the 147 lesions detected by either MRI or SPECT/CT, 46 were detected by MRI only, 21 by SPECT/CT only, and 80 by both imaging methods. The concordant detection rate was 54% (80/147). However, for symptomatic lesions, one was detected by SPECT/CT only, 4 by MRI only, and 56 by both imaging methods. The concordant detection rate of symptomatic lesions was 92% (56/61); significantly higher than that of overall lesions (P < 0.001).
Diagnostic Performance According to Lesion Type
The numbers of lesions in each lesion type are shown in Table 3 . Uptake grade was significantly higher in bone lesions than in other lesions (P = 0.002, Table 2 ). Asymptomatic lesions detected by SPECT/CT were mostly joint lesions, whereas those detected by MRI were mostly ligament/ tendon lesions. The diagnostic performance for symptomatic lesions in each lesion type is shown in Table 4 . SPECT/CT exhibited a relatively poor sensitivity for ligament/tendon lesions than other lesion types (71% versus 100%). SPECT/CT exhibited a poor specificity for joint lesions (0%), which was significantly lower than that of bone lesions and ligament/tendon lesions (P < 0.001, respectively), and also lower than that of MRI (P < 0.001). MRI exhibited high sensitivity in all lesion types; 100% in bone lesions and ligament/tendon lesions, and 90% in joint lesions. However, MRI exhibited lower specificity than SPECT/CT in bone lesions (P = 0.004) and ligament/tendon lesions (P < 0.001). 
Discussion
In this study, we compared diagnostic performance of SPECT/CT and MRI in ankle and foot pain patients. The sensitivity, PPV, and NPV of SPECT/CT for symptomatic lesions were comparable to those of MRI. However, SPECT/CT exhibited a higher specificity than MRI, in bone and ligament/tendon lesions. In patients with ankle and foot pain, it is crucial to detect the lesion responsible for the pain, for determining adequate treatment. MRI, in combination with other radiologic images, is currently regarded as the most appropriate diagnostic imaging for benign bone and soft tissue lesions [1] . However, because usual MRI is based on structural changes, it has a limitation with regard to specifically determining the pathogenic lesions responsible for the pain. Structural abnormality is often observed as sequelae of old trauma as well as anatomical variants, irrespective of pain [11] . Besides, pathology with clinical significance is not always visualized as structural change. These hurdles bring about high level of difficulty for interpretation of musculoskeletal MRI scan and may lead to high inter-observer variation [12] . Also in this study, MRI detected many asymptomatic lesions, which impaired the diagnostic specificity of MRI. Thus, bone SPECT/CT that facilitate visualization of bone metabolism may be used as a complementary imaging method [13] [14] [15] , because increased uptake on bone SPECT/CT is closely correlated with pathologic bone turnover [16] .
On bone scans using 99m
Tc-phosphonate agents such as MDP, dicarboxypropane diphosphonate, and hydroxymethylene diphosphonate, the uptake reflects osteoblastic activity or bone turnover that may be increased in response to inflammation of the bone. Additionally, uptake is also increased in cases of arthritis and injury of the ligament and tendon, as a secondary change [17] [18] [19] . The usefulness of bone scan in evaluating severity of arthritis and diagnosing early arthritis has been repeatedly reported in clinical field [20, 21] . Additionally, a previous study has demonstrated that symptomatic tendon tear presented higher uptake on bone scan than asymptomatic tendon tear [22] . Thus, bone scan may enhance the sensitivity for lesions without structural change and the specificity for lesions with asymptomatic incidental structural change. Pathologic uptake on SPECT is also well correlated with symptoms and can affect decisions with regard to the treatment plan [3, [23] [24] [25] [26] [27] .
However, bone scan has a low spatial resolution for lesion localization in complex anatomical structures such as the ankle and foot. A hybrid imaging of SPECT/CT can provide high-resolution CT images for lesion localization, and enhanced diagnostic accuracy [9, 28, 29] . In small lesions of the hand and wrist, SPECT/CT demonstrated a higher specificity than MRI for causative pathology [2] . SPECT/CT was also reportedly useful for localizing active degenerative disease in small joints of ankle [8, 30] . Additionally, uptake on bone SPECT/CT was significantly associated with pain or pain relief after local injection of anesthetics [25, 27] . In OLT, SPECT/CT results were significantly correlated with the severity of pain [23, 31] , and 99m Tc-MDP SPECT/CT results led to changes in treatment plan in 48-52% of patients, compared with MRI alone [3] .
In the present study, we investigated the diagnostic performance of SPECT/CT and MRI in ankle and foot pain patients, and found that the sensitivity, PPV and NPV of SPECT/CT for symptomatic lesions were comparable to those of MRI. Furthermore, SPECT/CT exhibited a significantly higher specificity than MRI. Both SPECT/CT and MRI had high sensitivity for symptomatic lesions, and the concordant detection rate was 92% for symptomatic lesions whereas it was 54% for all detected lesions regardless of symptoms.
Quantification is one of the strengths of nuclear imaging methods including SPECT. In the present study, there was a significant difference between symptomatic and asymptomatic lesions in semi-quantified uptake grades on SPECT/CT. Additionally, ROC curve analysis exhibited a considerable diagnostic power of uptake grade for diagnosing symptomatic lesion. Thus, the severity of uptake may be regarded as a marker for significance of a lesion. Additionally, CT images on SPECT/CT can be used for diagnosis. In the present study, a full diagnostic CT was performed and a total of 11 accessory bones were detected on CT, most of which were also detected by MRI. Although we did not include abnormal CT findings in the analysis for detection of symptomatic lesion, diagnostic performance could be further enhanced by using CT images.
Intriguingly, SPECT/CT and MRI exhibited a tendency in lesion detection with regard to lesion types. SPECT/CT exhibited a poor specificity in joint lesions whereas the specificity of MRI was relatively poor in bone and ligament/tendon lesions. It is a logical result for ligament/ tendon lesions because MRI can sensitively detect the lesions by direct visualization of injury, whereas SPECT/CT can detect the lesions only after they induce a secondary stress change at the bony insertion sites. On the other hand, SPECT/CT detected many asymptomatic uptakes in the small joints. Although it has been reported that mild arthritis is sensitively detected on SPECT [8, 30] , there is no consensus that SPECT detects arthritis more sensitively than MRI. In the present study, there were 16 joint lesions with increased uptake on SPECT/CT. But they were not related to structural change on non-enhanced MRI and most of them were asymptomatic. It may be regarded as subclinical arthritis.
Based on the results of present study, SPECT/CT could be suggested as an effective complementary imaging method for MRI in ankle and foot pain patients. SPECT/CT may be effective for improving diagnostic specificity in combination with MRI. In this study, when a lesion was deemed to be positive in case both SPECT/CT and MRI were positive, the specificity was markedly improved with relatively small loss of sensitivity particularly in bone and ligament/ tendon lesions. Thus, SPECT/CT may be helpful in patient selection for surgical treatment, when multiple lesions are detected on MRI. Additionally, SPECT/CT could be effectively used as an alternative imaging method for MRI when MRI is not easily accessible due to high cost or patient condition. Although there is some concern about additional radiation exposure from CT component of SPECT/CT, the radiation dose of CT to the extremity is relatively small because the extremities are not radiation-sensitive organs. Effective dose from unilateral ankle and foot CT has been reported to be 0.07 ± 0.05 mSv at 120 kVp and 143 mA [32] . Thus, overall radiation exposure from ankle and foot SPECT/CT is estimated to be approximately 5.5 mSv, which is acceptable in terms of risk-benefit balance.
This study has several limitations. First, SPECT/CT was not performed for all patients with ankle and foot pain in our institution due to retrospective study design. Thus, the patient population included in our study may have been heterogeneous and biased. Second, we included all lesions detected by either SPECT/CT or MRI without comprehensive evaluation of lesions. This method may have underestimated the specificity of SPECT/CT or MRI. Third, MRI protocol was heterogeneous by including outside MRI. Most of the outside MRI scans were obtained using 1.5-T scanners whereas 3.0-T scanners were used in our institution. However, performance of 1.5-T MRI scanners is usually enough for diagnosing acute bone stress change and stress-induced injuries in the foot [33] , and image quality of all MRI was confirmed by experienced radiologists. Finally, the SPECT/CT and MRI findings were not blinded in determining final diagnosis of symptomatic lesions, although the final diagnosis was based on clinical findings and follow-up results. This limitation is a practical inevitability, because final diagnoses for the cause of ankle and foot pain cannot be made based on clinical findings alone, in current clinical practice.
Conclusions
In ankle and foot pain patients, SPECT/CT has diagnostic performance for symptomatic lesions which is comparable to those of MRI. SPECT/CT and MRI exhibit different diagnostic specificity in different lesion types. Thus, SPECT/CT may be used as a complementary imaging to MRI in ankle and foot pain patients, particularly for enhancing diagnostic specificity. 
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